An improved version of a microwave spectrometer operating in the vicinity of 70 GHz is described. The spectrometer, which incorporates a Fabry-Perot resonator and-superheterodyne detection for high sensitivity is designed for the detection of gaseous pollutants and other atmospheric constituents. The instrument is capable of detecting polar molecules with absorption coefficients -9 -1 as small as 2 x 10 cm . For sulphur dioxide diluted in air, this sensitivity corresponds to a detection limit of 1.2 ppm without preconcentration and with a time constant of 1 second. Measurements and analysis of the noise contributions limiting the sensitivity are presented.
Introduction
In previous reports, (1,2), we described the construction of a new microwave spectrometer designed to measure the concentration of various pollutant gases and other atmospheric constituents.
The spectrometer was designed around a high-Q Fabry-Perot reson ator as a sample cell, and employed superheterodyne detection to obtain high sensitivity at low microwave power levels. The per formance of the instrument was discussed and various sources of noise limiting the sensitivity were identified. Measurements were made of low concentrations of SO2 gas employing the 6(1,5)-6(0,6) rotational transition (3) at a frequency of 68.972 GHz.
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Since that time a more detailed analysis of the noise con tributions has been made. A number of improvements in the spectrometer system have resulted, leading to greater sensitivity.
In addition, the microwave resonator previously described, (1, 4, 5) , has been replaced with a newly designed version having higher Q and improved mechanical properties. In this report, these improve ments are described and interpreted in terms of the noise char acteristics of the system.
In the next section (section 2) the basic components of the spectrometer, including the mechanical construction of the new resonator, are described. Section 3 deals with the influence of noise on the overall performance and explains the improvements resulting from the modifications of the previous spectrometer.
Section 5 describes the performance of the system and points out the restrictions in the choice of operating parameters necessary to observe the gas absorption signal with maximum sensitivity. It shows as a practical result, measurements of the prototype gas, S0 2 at various concentrations.
Description of the Spectrometer System
A block diagram of the spectrometer is shown in Fig. 1 .
The system consists of the following major components: a signal oscillator, a local oscillator, a low-noise receiver, and the improved FabTy-Perot microwave cavity mounted in a vacuum enclosure.
The frequency of-the Gunn oscillator, which serves as the signal source, is doubled. This yields up to approximately S mW of microwave power in the vicinity of 70 GHz. The Gunn oscillator can be tuned electronically by means of a varactor diode.
Ths local oscillator is a klystron, which is phase-locked to the doubled frequency of the signal oscillator by means of a mixer and a stabilizer. Since the stabilizer uses a 30 MHz IF amplifier and phase detector, the local oscillator is always maintained at a constant phase and frequency off-set of 30 MHz LEL-7294 from the signal oscillator. The 30 MHz reference is derived from the master oscillator of a frequency synthesizer.
A semi-confocal Fabry-Perot transmission resonator is used as a sample cell. This type of resonator, which consists of a concave spherical mirror and an opposing flat mirror having two waveguide coupling ports, has the advantage of high sensitivity and easy tuneability.
For the present spectrometer, a new Fabry-Perot microwave resonator and vacuum enclosure was constructed. The completed cavity, shown in Fig. 2a and 2b is similar to a previous design (4, 5) but incorporates a number of improvements. The vacuum chamber has been reduced in size to enclose only the actual cavity region itself. It is constructed of glass and plastic and is provided with teflon vacuum seals which permit the observation of unstable molecular species. A new microwave coupling structure has also been designed with reduced losses resulting in a higher Q. Finally, a stepping motor drive has been provided to permit large frequency sweeps under computer control. As before, fine electrical tuning is achieved by means of a piezoelectric transducer.
The microwave resonator itself consists of-two opposing mirrors, one flat and one concave spherical. The mirrors are mounted in a semiconfocal configuration in which the radius of curvature of the spherical mirror is approximately twice the mirror spacing. This geometry has the advantage that it is noncritical in alignment, is compact, and exhibits a high Q. Resonances occur according to the relation (11) .
where d is the mirror spacing, X is the wavelength of the micro wave radiation and q is the number of half-wavelengths between the mirrors.
The mirrors were constructed from beryllium-copper blanks 5.37 cm in diameter. The concave mirror has a radius of curvature of 14.86 cm. The mirrors were ground and polished to optical LBL-7294 tolerances and plated with approximately 75 u of silver for high electrical surface conductivity and 2 p of gold for corrosion protection. The mirrors are mounted with a separation of 7.4 cm.
In order to couple microwave energy in and out of the reson ator, two small holes were provided near the center of the face of the flat mirror. The coupling structures were constructed by electroforming two cylindrical copper plugs around aluminum mandrels of the same dimensions as the wave guide (WR-15) and machining the plated ends to leave a thin wall through which the coupling hole was drilled. The plugs were then soldered into round holes in the flat mirror. The spacing between holes is 6.2 mm. After machining the front surface of the mirror, the aluminum mandrels were removed with a hot, concentrated sodium hydroxide solution. Mounting holes provided at the rear of the mirror permitted two standard waveguides to be attached using con ventional flanges suitably modified for close spacing. Thin mylar windows were used to provide a vacuum seal.
As shown in Fig. 2a , the concave mirror is moveable and is supported by a shaft extending from the stepping motor drive.
Additional support is provided by the plastic housing surrounding the mirror and by a teflon sliding seal. A cylindrical piezo electric transducer provides control of the fine motion of the mirror.
The transducer (Clevite PZT-5H) is a hollow cylinder 3.8 cm in diameter and 3.8 cm long fitted with copper electrodes on the inner and outer cylindrical surfaces. A low vapor pressure epoxy was used to attach it between the mirror and support shaft using stainless steel mounting rings.
The two microwave coupling irises were carefully enlarged to obtain the desired transmission characteristics and quality factor.
The final diameter chosen was 1.0 mm for each of the two coupling holes. The wall thickness behind each hole was 0.13 mm. The transmission loss was 24 dB and the loaded Q was 72000. The Q was later reduced to 67000 after coating the mirrors with a thin LBL-7294 layer of teflon which was applied to inhibit the decomposition of free radicals. Fig. 3 shows the resonator tuning behavior as a function of the piezoelectric drive voltage. It is seen that a total tuning range of more than 6 MHz is attainable. This is more than ade quate for sweeping through any gas resonance line and for thermal drift compensation of the cavity system. Larger sweeps can be obtained by operating the stepping motor. In the figure, two curves, corresponding to upwards and downwards sweeps, show a significant hysteresis which can be attributed to the transducer characteristics. Since the transducer was operated inside a feedback loop, this behavior did not present a problem. Figure   4 shows the dynamic behavior of the tuning system. Resonances at 4 and 8 kHz were due to the mechanical components of the system. tuning it to the appropriate frequency. Since the signal oscil lator is already controlled by the cavity resonance frequency, the whole system is now operating at the appropriate frequency for detection of the gas. This new stabilization system differs from the arrangement previously used (described in Ref. 1,2). In the previous system, the signal oscillator was phase locked directly to the frequency synthesizer and the quadrature output of the receiver was used to control the cavity resonance fre-iuency. As will be discussed below, this new arrangement results in better system performance.
As in the previous spectrometer, the signal detection capa bility is enhanced by the use of frequency modulation followed by phase sensitive detection using a lock-in amplifier. The modulating voltage at 93 Hz frequency is combined with the fre quency discriminator signal as shown in the block diagram, Fig.   1 . As a result, the source and local oscillators and the resonance frequency of the resonator all undergo the same periodic frequency changes.
The varying attenuation caused by the gas is then detected by the lock-in amplifier. The detected signal is processed by the computer via an analog-to-digital converter and can be stored or displayed.
System Noise Characterization
The sensitivity of the spectrometer is determined by the noise contributions of the signal source, the microwave cavity, and the receiver.
The thermal noise of the gas in the cavity can be neglected compared to the receiver noise as the noise temperature of the receiver is much higher than room temperature. If the receiver LBL-72S4 noise is dominant in a system, one can try to overcome it by increasing the source power provided there are no restrictions, as for instance, saturation of the gas.
As soon as the source noise becomes dominant, increasing source power results in an increase of the total noise by the same amount as the signal so that no improvement is obtained.
As pointed out in (1,2), source noise was the limiting factor for the sensitivity of the previous spectrometer.
The effect of source noise has been discussed by Strandberg (6) , and by Leskovar et al (7) . Two contributions are respon sible for the total noise reaching the microwave receiver. The first is AM noise which passes directly through the microwave cavity and the second is FM noise which is converted by the slope of the cavity response curve into AM noise before reaching the receiver. The latter contribution is dominant in our case. For a maximum reduction of this noise, the source frequency should essentially coincide with the resonance frequency as then the slope of the direct output will be zero, yielding a negligible FM-AM conversion.
To obtain quantitative information, measurements were made of the noise-to-carrier ratio at the direct output of the spec
trometer. 
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It can be seen that in the previous arrangement, the influence of the source noise is dominant at all power levels measured as the overall noise-to-carrier ratio is not reduced when the power is increased. With the present scheme however, In order to obtain further information about the nature of the source noise contribution, measurements of the noise-to-carrier ratio were made for the quadrature output signal. The same appar atus and measurements technique described above was used. Since the above measurements indicate significant source noise contri butions only for the higher power levels, a value of -5 dBm was chosen for all the quadrature noise measurements. Data was obtained for offset frequencies extending from 33 Hz to 50 KHz and, as before, was normalized to a 1 Hz bandwidth.
The results are shown in Fig. 6 . In curve (a) is shown the noise-to-carrier ratio obtained with the source oscillator tracking the Fabry-Perot resonator. This configuration thus corresponds to that used in normal operatio.• of the spectrometer in its improved form. As can be seen, the noise amplitude is approximately inde pendent of frequency, increasing by about 6 dB at the highest LBL-7294 frequency measured. The noise level is about 20 dB larger than that obtained at the direct output, reflecting the increased sensitivity of the quadrature signal to FM noise.
In curve (b) the feedback amplifier locking the source oscil lator to the resonator has been turned off and the resonator has been carefully tuned to correspond to the source oscillator fre quency. The Gunn diode source oscillator is now free running and as before, the local oscillator is phase-locked to it. The increased noise is a result of the frequency jitter (FM noise) of the free-running source as detocted by the resonator response characteristic.
In order to separate the contribution of the resonator to the source noise conversion process from that of other components, it was removed from the system. A non-dispersive attenuator having a similar transmission loss was substituted and the noise measure ments were repeated. The results are shown in curve (c) of the figure. Since the dispersive element has been removed, the noise signal is due to residual phase jitter between the signa.l oscillator and the local oscillator.
Curve (d) shows the background noise residual due to the receiver, obtained when the source power is reduced to zero. As can be seen, this noise is considerably smaller than the other noise contributions and can be neglected.
The conversion of a signal source contaminated by FM noise and passing through a transmission cavity has been given by Strandberg (6) . Adapting Strandberg's results, which were derivsd for a "critically" coupled resonator, to the case of a resonator with a voltage transmission loss T , loaded quality ractor Q, and resonance frequency, v we find for the phase detector P n (f) -2BGL C f)P 0 T^K quad sin 2 5 + K^cos 2 ?) (
where K quad = 1 + 4Q'f 2 /v 0
In this equation the quantity L(f) is the single sideband FM noise power density in a 1 Hz bandwidth, B is the actual bandwidth of the system, G is the gain of the receiver and phase detector, and P is the microwave power at the input of the cavity, f is the frequency offset from the carrier frequency, v at which the noise is measured. S = (v -v )/v is the normalized long term frequency deviation between the source oscillator frequency and the cavity resonance frequency.
In the derivation of Eq. (1) the assumption is made that the signal is phase detected against a noise free carrier with a phase angle £. If the angle £ = 0, the direct output signal (proportional to K,. ) is detected and if £ = TT/2, the quadrature signal (pro portional to K "j) is obtained.
It can be shown that the first terms in both K,"_,, and K,. q u a d CL l r (the quantity 1) are due to the frequency jitter between the reference carrier and the-noise source, and the remaining terms (i.e. those containing Q, ) are dut to the FM-AM conversion resulting from the resonator transfer function
In the present spectrometer, the local oscillator, which serves as the reference carrier, is phase locked to the signal oscillator. Thus the frequency jitter is significantly reduced and the first terms above should be re placed by |l -H(j2irf)| 2 where H(j2irf) is the transfer function of the phase lock loop (8, 9) .
If we note that the rms signal power, P is given by Of primary interest is the noise-to-carrier ratio at the direct output of the spectrometer, since it will limit the over all sensitivity at sufficiently high power levels. This noise LBL-7294 is also predicted by Eq. (1), suitably modified. Referring to the quantity, K,. of that equation, we note that both tens are reduced significantly by the feedback loops as described above With the parameters S and £ optimized, it can be seen from the above analysis that the tracking performance of the local oscillator remains as a major contributor to the source noise.
Future improvements in the source noise performance of the spectrometer will require a careful examination of this component.
Optimization and Performance
As described in the preceeding section, the resonator stabil ization scheme enables the source noise contribution to the over all spectrometer noise to be reduced to approximately -122dBc/Hz. This is an improvement of more than 20 dB over that previously With a microwave power level of -15 dBm, measurements were made of the absorption signal from dilute samples of S0 2 in air, employing the 6(1,5) -6(0,6) rotational transition (2) at 68972.1 MHz. The results are shown in Fig. (7) . F;g. (7a)
shows the signal for a concentration of 117 ppm, and Fig. (7b) shows the signal for a concentration of 5. The effects of saturation can be reduced by increasing the gas pressure in the resonator. If the pressure is increased by a factor of three, the same amount of saturation would be expected for an increased microwave power level of 10 dB. However, the linewidth would also increase by a factor of three, with the peak height remaining the same. To recover the same amplitude for the derivative signal the modulation depth would have to be increased by a factor of three. We have found that the use of large modulation depths leads to a deterioration in the noise performance of the system. This is a Tesult of limitations in tnc ability of the various feedback loops to track rapid changes in frequency of large amplitude. In effect, the microwave source frequency spends more time on the slopes of the resonator response curve with the result that more FM noise is converted to AM. Thus, the potential improvements of operation at higher pressures and source power are largely cancelled by increased modulation noise.
From the above analysis of the source noise contribution to the spectrometer, W2 find that future increases in performance could be expected from an improvement in the phase lock loop controlling the local oscillator. In addition to lowering the source noise, improvement of this component could result in better performance at higher operating pressures.
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